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Abstract:In thispaper,wepresentresultsfrommeasurementsconductedbytheUniversityofBristol.
WestudythechannelcharacteristicsofMultiple-Input-Multiple-Output(MIMO) indoorchannelat5.2
GHz.Our investigationshowsthattheenvelopeof thechannelfor non-line-of-sight(NLOS)indoor
situationsis approximatelyRayleighdistributedandconsequentlywefocusonastatisticaldescription
ofthefirst andsecondordermomentsofthenarrowbandMIMO channel.Furthermore,it isshownthat
for NLOSindoorscenarios,theMIMO channelcovariancematrixcanbewellmodeledbyaKronecker
productof thecovariancematricesdescribingthecorrelationat thetransmitterandthereceiverside
respectively.A statisticalnarrowbandmodelfor theNLOS indoorMIMO channelbasedon this
covariancestructureispresentedalongwithsomesimulationresults.
1.Introduction.
It is well knownthatusingantennaarraysatboththetransmitterandreceiverovera MIMO
channelcanprovideveryhighchannelcapacityaslongas theenvironmentcanprovide
sufficientlyrichscattering.Underthesecircumstances,thechannelmatrixelementshavelow
correlationleadingtochannelrealizationsof highrankandconsequentlyprovidesubstantial
channelcapacityincreases.In [1]and[2]thechannelcapacityforMIMO systemshasbeen
investigatedtheoreticallyandin [3]anarchitecturefor MIMO systemhasbeenproposed.
Someexperimentalresultshavebeenreportedto characterizetheMIMO channelandthe
correspondingcapacity,see[4,5,6,7,8].
Thereis of coursegreatinterestinMIMO channelmodeling.A so-calledone-ringmodelhas
beenproposedandinvestigatedin [9].In [10],a ~stributedscatteringmodelhasbeen
proposedin orderto explainthe 'pinhole'phenomenonthatsometimeshappensin long
distanceoutdoorsituations.In [11],amodelbasedonchannelpowercorrelationcoefficients
ispresented.However,modelsbasedonmeasureddata restillrare.
In this paper,we reportthe resultsfrommeasurementsconductedat 5.2 GHz by the
Universityof Bristol.A statisticalnarrowbandmodelfor theNLOS indoorMIMO channel
basedonthechannelcovariancestructureis presented.Therestof thepaperis organizedas
follows:In section11,themeasurementsetupis described,includingthetestenvironment,the
testequipmentandsomeimportantparameters.Sectionill presentsa secondorderstatistical
structureandanoptimalmatrixseparationmethod.A statisticalmodelbasedon above
structureandtheresultsfrommodelidentificationarepresentedin sectionIV. Finallywe
drawtheconclusionsinsectionV. 0'
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2.MeasurementSystem
Thetestsiteis theMerchantVenture'sBuilding(MVB) of theUniversityof Bristol.The
generallayoutofthetestsiteincludesofficerooms,computerlabs,corridorsandopenspaces.
Thereare15transmitterlocationsand3 receiverlocationsduringtheentiremeasurements,
includingbothline-of-sight(LOS)andNLOS cases.However,alltheresultsreportedin this
paperarefromNLOScasesasshowninFig. 1,wherethetransmitteris locatedin acomputer
labandthereceiveris atthecornerofalargemodemofficewithcubicles.
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Figure1.Measurementscenariofor NLOS indoorMIMO channel
ThemeasurementswerecarriedoutusingtheMedavRUSK BR!vectorsounder,whichhas
8-elementomnidirectionaluniformlineararray(VLA) atthetransmittersideand8-element
VLA with 120°beamwidthat thereceiverside.Thedistancebetweentwo neighboring
antennaelementsi 0.5A at bothends.Thereis a feedbackfromthereceiverto the
transmitterbycablesinordertosynchronizethetransmitterandreceiver.
Themeasurementswerecenteredat5.2GHz witha 120MHz bandwidth.Theexcessdelay
windowis 0.8/ls,whichcorrespondsto 97 frequencysubchannels.For eachtransmit
element,one'vectorsnapshot'(onemeasurementfromeachreceivelement)is takenatthe
receiver.The samplingtimefor onecompleteMIMO snapshot(8 vectorsnapshots)is
102.4/ls.Onecompletemeasurementi cludes199blockswith16MIMO snapshotswithin
eachblock,thereforethereare3184completeMIMO snapshotsintotalfor eachfrequency
subchannel.Thetimedelaybetweentwoneighboringblocksis 26.624ms.This meansthe
totaltimefor onecompleteme~surementis 5.2s. Duringthemeasurements,peoplewere
,movingaroundbothatthetransmittersideandreceiverside.Thetestsignalwassentoutby
thetransmitterandcapturedby thereceiver,theimpulseresponseof thechannelwasthen
savedinthefrequencydomain.Moredetailsabouthemeasurementscanbefoundin [8].
3.MeasurementAnalysisMethod
Assumetherearem transmitelementsandn receiveelements.For a narrowbandMIMO
channel,theinput-outputrelationshipcouldbeexpressedinthebasebandas
y(t) =H:s(t) +n(t)
wheres(t) is thetransmittedsignal,y(t) is thereceivedsignalandn(t) is additivewhite
Gaussiannoise(AWGN). The channelmatrixH:hereis ann bymmatrix.
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ChannelCapacityandNormalizationMethod
Whenthetransmitterhasno infonnationaboutthechannel,a straightforwardwayis to
allocatethepowerequallyto eachtransmitelement.Thecorrespondingchannelcapacityis
givenby[2]
C =10g2det(In+.£.H:H:")
m
whereH: is thenormalizedchannelmatrix;pis theaveragesignal-to-noiseratioateach
receiverbranchand,*, denotescomplexconjugatetranspose.Togetthenormalizedchannel
matrix,wenormalizethemeasuredMIMO snapshotsbyacommonfactorsuchthat
E[IIH:II:]=nm
whereIHIF denotesFrobeniusnormandE[.]denotestheexpectedvalue.
(1)
(2)
CovarianceMatrixEstimation
In [11],it is claimedthatthecorrelationbetweenthepowerof twosubchannelscouldbe
modeledbytheproductof thecorrelationsseenfromthetransmitterandreceiver.Herewetry
to verifywhetherthisstructurecouldbeextendedto includealsothephaseof thecomplex
valuedamplitudesasassumedin [9,13].NoticethatfornormalizedchannelmatrixH:' this
meansthat
R = R Tx<8)R Rx (3)H H H ,
where' <8), denotesKroneckerproductandwe definethetransmitter,eceiverandchannel
covariancematricesasfollows
R~x=E[(h:hi)T] fori= 1,...,n (4)
Rx .."
RH =E[hJhJ] for) =1,... , m (5)
RH=E[vec(H:)vec(H:f] (6)
is ithrowof H: , hj is)thcolumnof H: ' 'T' istransposeandvec(.)isthe'vec'whereh.1
operator.
Matrix SeparationMethod
In ordertoshowhowwelltheabovel(r<meckerp oductholds,wepresentanoptimalmethod
to separatethechannelmatrixRH intotheKroneckerproductoftwoHermitianmatricesX
andY. Thisseparationproblemcouldbewrittenas
minIIRH - X <8)YIIF
Theleastsquaresrankoneapproxirp.ationmethodin [12]couldbeusedtosolvethisproblem.
The main idea is to re-arrangethe elementsof the covariancematrix RH and
X <8)Y simultaneouslytogetaleastsquaresproblemoftheform
minllRtran- x(yCfllF
(7)
(8)
wherex=vec(X)andy =vec(Y),'c' meanscomplexconjugateandRtran isthetransformed
matrixof RH .
TogethistransformedmatrixRtran'weusethepermutationmatrixT,defmedsuchthat
Tvec(X <8)Y) ="vec(xyT )
forallmatricesX andY. ThematrixRtranisthendefinedas
vec(Rtran)=Tvec(RH)
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Notethatproblem(7)and(8)areequivalentsinceT is orthonormal.Thesolutiontotheleast
squaresrankoneapproximationof RH in (8)is easilycalculatedusingthesingularvalue
decomposition(SVD).Let ""maxbethelargestsingularvalueof Rtran' withthecorresponding
left andrightsingularvectorsUmaxandvmaxrespectively,thenx andy couldbeexpressedas
x =YUmax
ye = y-1""maxV max
wherey is anarbitraryscalar.Thenit is straightforwardtotransformthetwovectorsx and
ye backtoX andY.
It canbe shownthatthesolutionX andY will alwaysbe Hermitianas longas RH is
Hermitian.Thus,it isnotnecessarytoforcethatstructureonthesolution.
4.MeasurementResults
As statedin sectionII, themeasurementsusean8-elementtr-,~~nsmitterandreceiver.However,
onlypairsof2neighboringelementsatboththetransmitterandreceiverhavebeenusedtoget
2 by 2 channelmatricesin thispaper.Similaresultshavebeenfoundforothersetupswith
moreelements.It is interestingtofindthateventhoughpeopleweremovingarounduring
the measurements,thesituationis still quitestationary.Thereforetheresultshavebeen
averagedbothin thefrequencyandspatialdomain,Le. all thesnapshotsfromdifferent
frequencysubchannels(eachsubchannelisaround1.2MHz) andspatialarrangements(atthe
sameTx andRx position)havebeenseenasdifferentchannelrealizationsin ordertoget
sufficientrealizationsto analyzethedistributionandsecondorderstatisticsof channel
coefficients.All therealizationshavebeennormalizedbythesamefactorsothatequation(2)
holdsontheaverage.In thefollowingsection,weuseTxl5 --Rx3asanexample,seeFig.1.
Similarresultshavebeenfoundfortheotherfourtransmitterlocationsasshowninthefigure.
EnvelopeDistributionofChannelCoefficients
Thechannelcharacteristicshasbeeninvestigatedbyplottingthehistogramoftheenvelopeof
eachchannelcoefficient.Fig.2 showstheresultof onechannelcoefficientbetweenTxl5 -
Rx3 alongwith a fittedRayleighenvelope.It is shownthatRayleighenvelopefits the
histogramverywell andthereforewe concludethatthe channelenvelopeis Rayleigh
distributed.
SecondOrderStatistics
It is wellknownthatforacomplexGaussiandistributedchannel,thestatisticalinformationis
completelydescribedby its firstandsecondordermoments.Sincethechannelis complex
Gaussian,wethereforefocusonthesecondorderstatisticsfor thisNLOS indoorscenario.
First,wedefinethemodelerror,'!'toevaluatethedifferencebetweentwomatricesA andB
, \II(AB)=IIA - BIIF
, IIAIIF
Fromthemeasureddata,weinvestigatewomodelerrors,theresultsare
A
\II(RH,X @Y) =4.83%
\II(RH,R~X@R:) =4.94%
wherethe 'N indicatesa samplecovariancestimateof thecorrespondingquantitiesin
equation(4),(5)and(6).
It is alsointerestingtoseethedifferencebetweentheoptimalseparationandthosecalculated
frommeasuredata.Thescalary intheoptimalseparationis determinedby usingtheleast
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-squaresmethodthatfitsallelementsbetweentwomatricesoptimally.Theresultsareshown
asfollows
\V(R~X,X) =1.36%
\V(R:", Y) =0.30%
Fromtheaboveinvestigations,it isclearlyshownthatthechannelcovariancematrixcouldbe
wellapproximatedbyequation(3)andthisstructurecouldexplainabove95%ofthereceived
signalpowerinthiscase.
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Figure2. Histogramofenvelopeof
onechannelcoefficientforNLOS
indoorMIMO scenarioandthefitted
Raleighdistributionenvelope
(normalized)
Figure3.Cumulativedensityfunction
of channelcapacityformeasuredata,
statisticalmodeland lID MIMO
channel.TheSNR atthereceiverside
is 20dB.Poweris equallyallocatedto
transmitelements.
StatisticalModelandSimulations
SincethechannelcoefficientsarecomplexGaussian,it is easytoshowfromequation(3)that
thechannelcouldbemodeledas
H =(R:"Y/2G((R~X)1/2)T
whereG is a stochasticM byN matrixwithindependentandidenticallydistributed(lID)
CN(O,l)elements.Here(-)1/2is anymatrixsquarerootsuchthatRI/2(RI/2)*=R. Notice
thatthismodelhasalreadybeenassumed-in[13]tostudythechannelcapacityandit is alsoa
specialcaseofthemodelgivenin [10].
Monte-Carlocomputersimulationshavebeen,usedtogenerate1000channelrealizationsand
thecumulativedensityfunction(CDF)of the.channelcapacitybetweenthosefrommeasured
dataandfromsimulatedchannelrealizationsarecompared.Theresultsaregivenin Fig.3.
ThecapacityforthelID channelisalsoincludedasareference.It isshownthatheCDF from
simulatedchannelrealizationsfitstheCDF fromthemeasuredataquitewell,whichagrees
withthismodel.
5.Conclusions
We accessthedatameasuredbytheUniversityof Bristol.Ourinvestigationshowsthatfor
NLOS indoorMIMO scenarios,theenvelopeof thenarrowbandchannelcoefficientsare
approximatelyRayleighdistributed.Furthermore,it showsthatthechannelcovariancematrix
couldbe well approximatedby theKroneckerptoductof thecovariancematricesat the
transmittersideandthereceiverside.We alsointroduceanarrowbandmodelfortheNLOS
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indoorMIMO channelbasedon this secondorderstatisticalstructure.Monte-Carlo
simulationsshowtheagreementbetweenmeasureddataandthismodel.
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